mammals. The amplification mechanism in the echidna, currently unidentified, clearly operates to frequencies above 20 kHz, higher than the hearing funcThe auditory function of four wild-caught echidnas was measured using distortion product otoacoustic tion observed in any birds or reptiles but lower than for typical therian mammals. This raises the possibility emissions (DPOAEs) and auditory brainstem responses (ABRs). Emission audiograms were conthat at least some aspects of the mammalian cochlear amplifier developed early in evolution, before the structed by finding the stimulus levels required to produce a criterion emission amplitude at a given stimulus divergence of the monotremes (echidna and platypus) from the mainstream therian mammals (marsupials frequency. For an emission amplitude of Ϫ10 dB SPL, the median "best threshold" was 28 dB SPL, and this and placentals). In this respect, the presence or absence of outer hair cell electromotility in monominimum threshold occurred between 4 and 8 kHz for all animals. The relative effective range of auditory tremes would have important consequences for understanding the function and evolution of the vertebrate function was defined by the frequencies at which the audiogram was 30 dB above its best threshold. For inner ear.
INTRODUCTION
octaves. These results suggest that the echidna has a behavioral hearing sensitivity comparable to that of typical therian mammals (e.g., rabbits and gerbils) but
The echidna is one of only three surviving species that with a significantly narrower frequency range. DPOAE compose an entire order, the Monotremata (reviews: responses were also measured in selected animals as Griffins 1968 Griffins , 1978 Augee and Gooden 1993 ; Grant a function of the variation of all four stimulus parame-1995) . Monotremes occupy a unique position among ters (frequencies and intensities of both stimulus vertebrates, having many features common to other tones). Overall, the measured emission responses mammals (therian mammals) but also features comestablish that the echidna does have a cochlear amplimon to early mammals and birds and reptiles (review: fier, and that it could be the same type as in therian Carroll 1988) . Their peripheral auditory system shows a similar mix of features. The monotreme middle ear is typically mammalian, consisting of three bones with Aitkin and Johnstone 1972; Gates et al. 1974 ). However, the monotreme inner ear is not typireptiles compared to mammals (e.g., Manley 1972a . Since monotremes do have an essentially modcally mammalian. All extant therian mammals, i.e., all modern marsupials and placentals, have a cochlear ern mammalian middle ear (Griffiths 1968; Fleischer 1978) but an inner ear in some respects similar to that duct which wraps into a spiral of 2-4 turns (e.g., Luo and Ketten 1991; reviews: Pickles 1988; Echteler et al. of birds and reptiles, it seems important to determine where the monotreme frequency response falls in the 1994; Aitkin 1995 Aitkin , 1998 . In contrast, the monotreme cochlear duct curves only slightly and, moreover, conspectrum between birds and therian mammals. In this regard, it is not known at all if monotremes tains a lagenar macula (Chen and Anderson 1985; Joørgensen and Locket 1995;  Ladhams and Pickles have a "cochlear amplifier" and, if so, what mechanisms are employed for its function. In therian mam-1996) . In this respect, its structure is similar to that in early mammals and in birds and reptiles (e.g., Allin mals, the cochlear amplifier refers to a set of physiologically vulnerable processes that act to physi-1986; Rosowski 1992; Luo et al. 1995; Hu et al. 1997; reviews: Webster et al. 1992; Fox and Meng 1997; Dool- cally amplify the passive cochlear traveling wave at low stimulus levels (Davis 1983; Ruggero and Rich 1991; ing et al. 2000; Gleich and Manley 2000 1992) . There also appears to be effective amplification of the acoustic stimulus in birds and reptiles which, mammals (Ladhams and Pickles 1996) . These observations, together with other fossil and molecular evihowever, does not appear to involve the same kind of amplification of a macroscopic traveling wave (reviews: dence, suggest that monotremes diverged very early from the line leading to modern therian mammals, Popper and Fay 1999; Gleich and Manley 2000; . All of these vertebrates produce otoacoustic well before the divergence between the placentals and marsupials (e.g., Messer et al. 1988; Carroll 1988 ; Luo emissions which have generally similar characteristics (e.g., Norton and Rubel 1990; Taschenberger et al. and Ketten 1991; Luo et al. 2001) .
Therefore, it is of interest to determine whether 1995; Taschenberger and Manley 1998). The detection of otoacoustic emissions at relatively low stimulus levels the monotreme hearing system is more like that of other mammals or more like that of birds and reptiles has been considered evidence of the presence of nonlinear amplification processes in the inner ear since and to investigate the possibly unique mechanisms by which its inner ear functions. Note in this respect that their discovery (Kemp 1978; Brown et al. 1989; Johnstone et al. 1990; . the typical therian mammalian hearing system (excluding humans and chimpanzees) functions well up to Given the potential significance of the monotreme auditory system, it is noteworthy that there have been 30-50 kHz and that some bats and marine mammals have excellent hearing above 100 kHz (Brown 1973;  no functional observations published in the 30 years since the first measurements were reported (Griffiths Reimer 1995; Aitkin et al. 1996; Cone-Wesson et al. 1997; reviews: Fay 1988 reviews: Fay , 1994 Echteler et al. 1994; 1968; Aitkin and Johnstone 1972; Gates et al. 1974) . No types of otoacoustic emissions nor of auditory Kössl and Vater 1995; Popper and Fay 1995) . No birds have developed sensitive hearing above 12 kHz, even brainstem responses have ever been measured in a monotreme. In fact, there have been no noninvasive animals with specialized auditory systems, e.g., barn owls (Konishi 1973) , where this might be an advantage hearing tests of any monotreme. In this regard, note that only relatively recently was it discovered that the to the animal. The cat, for example, which uses its hearing to locate some of the same prey species as sensitive function of the mammalian cochlea was extremely vulnerable to typical invasive experimental the barn owl, has developed excellent, very sensitive hearing that extends well above 40 kHz (Liberman manipulations (Sellick et al. 1982) . This includes the effect of cooling the exposed cochlea in typical labora-1982). The attainable upper frequency range in the auditory system is the major obvious functional differtory measurements (Brown et al. 1983 ). In retrospect, many earlier measurements had to reinterpreted when ence between therian mammals and all other vertebrates (reviews: Fay 1988; Manley 1990; Dooling et it was realized that these experiments had damaged the cochlear amplifier to the extent that they actually al. 2000).
This difference in the upper frequency limit has had been measuring only passive cochlear function (e.g., von Békésy 1960). been attributed to a limitation of the simple, columella middle ear of birds and reptiles compared to the threeBy design, the present study of hearing function in the echidna was limited to noninvasive techniques that bone system in mammals (e.g., Manley 1972a Manley , b, 1990 Gummer et al. 1989a, b; review: Saunders et al. 2000) .
could be employed in lightly anesthetized animals. This had the advantages that (1) it minimized the However, it is possible that at least some of the differences in high-frequency response arise from the exispotential for damaging cochlear function by the measurement process, (2) allowed the hearing function to tence of different inner ear mechanisms in birds and be as normal as possible, and, (3) not least, allowed table on completion of measurements. Perhaps the best indication of the stability of the preparation was the release of the wild-caught animals after measurement. All animals were measured using both auditory that emission amplitudes were typically stable within 1 dB throughout the measurements. Their stability was brainstem responses (ABRs) with tone pips and distortion product otoacoustic emissions (DPOAEs) with equal or superior to emission measurements made over similar time periods in laboratory animals under continuous tones. In addition, tympanographic measurements were made in selected animals. more rigidly controlled conditions, e.g., in gerbils where the internal temperature was closely controlled and the bulla opened so that middle ear pressures were maintained at exactly atmospheric pressure (e.g., Rubel 1994, 1996) . For ABR and emission measurements, the ear canal Four adult echidnas (Tachyglossus aculeatus) were captured in the Strathbogie range north of Melbourne.
METHODS
was gently opened and the acoustic coupler (Mills and Rubel 1996) placed carefully into the outer ear canal. Weights ranged from 3 to 4.5 kg. The exact location of capture was noted and, after completion of measureIf there was a reaction in the muscles which act to close the pinna and ear canal, supplemental anesthesia ments and complete recovery from anesthesia, each animal was returned to the place from which it was was given and coupler insertion delayed until there was an absence of obvious reflex to touching the ear collected. Animals to be studied were housed as a group in a large animal room at Monash University canal. Usually only one ear was measured in a given session. Except during induction, the animal was deliband given free access to food and water. Prior to measurement of auditory function, animals were anestheerately kept only lightly anesthetized. Equipment and procedures for emission and evoked tized with an intraperitoneal (IP) injection of a combination of ketamine (12 mg/kg) and xylazine potential measurements were similar to those previously reported (Mills and Rubel 1996; Mills 2000) . Briefly, a (1 mg/kg). Following induction, supplemental doses were given IP or intramuscularly at intervals of oneclosed acoustic system-an acoustic coupler sealed to the ear canal-was employed for all measurements. half to one hour, as required to maintain a condition of adequate relaxation. All procedures were noninvasive.
Tones or clicks were produced by loudspeakers in custom enclosures and the sound led to the ear canal After initial anesthesia, both outer ear canals were inspected otoscopically. Usually ear canals were found through tubes into the coupler. The sound pressure level at the entrance to the ear canal was measured by to be clean and dry, except occasionally ticks were found and were removed. However, it was not possible a low-noise microphone (ER-10B, Etymotics, Elk Grove Village, IL) also joined to the coupler. In some animals, to visualize the tympanic membrane, even with an endoscope. For this reason, the tympanic membrane the output of the low-noise microphone was calibrated by reference to the output of a probe tube microphone and middle ear air pressure were investigated using a tympanometer (GSI 28 Auto Tymp) in selected anilocated in the same coupler (Mills and Rubel 1996) . For the echidna, the correction required up to 24 kHz mals. The tympanic compliance was found to have a maximum near atmospheric pressure, suggesting that was found to be small and very consistent, and there was no correction required up to 16 kHz. While the normal (i.e., near atmospheric) middle ear pressure was maintained under the anesthesia protocol measurement system was designed for frequencies to 50 kHz, the maximum frequency for echidna hearing employed.
All emission and ABR measurements were conwas found to be about 20 kHz. Therefore, for most of the measurements in this study, the probe tube microducted in a sound isolation room at the Royal Victorian Eye and Ear Hospital in Melbourne. The animal was phone was removed to reduce the overall coupler size and facilitate the fit into the ear canal. placed on its abdomen on a heating pad and the temperature of the abdominal skin maintained at 33ЊC.
A basic set of distortion product otoacoustic emission (DPOAE) measurements was obtained first. Only The room temperature was 24-26ЊC. Internal temperature probes were not used to avoid any possibility of two-tone measurements (frequencies f 1 and f 2 , f 1 Ͻ f 2 ) were used in these studies. In all ears tested, an emisdamage to the cloaca. The main goal of the temperature maintenance for the echidna was to insure that sion "audiogram" was determined as follows. Inputoutput ("growth") functions were measured by fixing the animal was not overheated. The echidna internal temperature is typically 32ЊC or less, and elevations to the two stimulus frequencies and the ratio of their stimulus levels and stepping the two stimulus levels 34ЊC can be fatal (Grigg et al. 1992) . With the procedures used, the echidnas appeared to temperature upward in increments of either 3 or 5 dB. The parameter set included the frequency ratio f 2 /f 1 ϭ 1.21 and the regulate well. They did not appear to overheat nor did they go into a dormant state, as evidenced by the fact level ratio L 1 /L 2 ϭ 10 dB. In all cases, the f 2 frequencies were stepped up from 1 kHz at an interval of 0.5 octave. that they recovered quickly when removed from the In addition, approximate thresholds were determined Two recordings were always made at the same stimulus parameters. For each tone pip or click waveform the online, and additional frequencies were chosen when the thresholds were found to be changing rapidly.
stimulus intensity was reduced until the response became indistinguishable from the background. Either immediately before or after the animal experiment, instrumental distortion levels were estimated.
Thresholds were determined visually offline by superimposing successive recordings at the same levels (e.g., This procedure involved running the same series of frequencies and levels, but with a long tube (6 mm Aitkin et al. 1996) . Typical results for a tone pip ABR measurement and its threshold determination are i.d. ϫ 2 m) replacing the echidna ear canal (Mills and Rubel 1996) . Typical results for measured growth illustrated in Figure 2 . A permit for live capture and holding of echidnas functions are presented in Figure 1 for both animal measurements and instrumental distortion estimates.
was obtained from the Victorian Department of Natural Resources and Environment (to J. Nelson) and meaOffline, each growth function was plotted and the emission audiogram constructed by plotting the stimusurement procedures were approved by the Animal Research and Ethics Committee of the Royal Victorian lus level L 2 required to achieve a criterion level for the amplitude of the emission at 2f 1 -f 2 as a function Eye and Ear Hospital, Melbourne, and the Animal Care Committee at the University of Washington, Seattle. of f 2 frequency. Threshold definitions for construction of emission audiograms are also illustrated in Figure 1 .
In most animals, additional emission measurements were obtained following the establishment of the basic RESULTS emission audiogram, in some cases following the ABR measurements discussed below. The additional emis-ABR and emission audiograms sion measurements usually included "frequency ratio functions," i.e., measurements of the emission ampli- Figure 1 presents a sample of emission "growth" functions measured for one ear (echidna 004L). These tude as the frequency ratio f 2 /f 1 was varied from 1.03 to 1.9 in steps of about 0.02 at fixed stimulus levels.
functions are plots of the cubic distortion tone (CDT) emission at 2f 1 -f 2 as a function of stimulus level for In addition, "level ratio functions" were also obtained in some animals by fixing the stimulus level L 1 and fixed stimulus frequencies. The stimulus levels L 1 ϫ L 2 were varied together so that L 1 was 10 dB higher varying L 2 with fixed stimulus frequencies.
Audiograms were also obtained using auditory than L 2 . The parameter noted in each panel is the stimulus frequency f 2 . The frequency ratio for all brainstem responses (ABRs) evoked by tone bursts. Parameters and techniques were similar to those growth functions in Figure 1 was f 2 /f 1 ϭ 1.21. "Emission audiograms" were constructed offline by choosing reported elsewhere (Shepherd and Martin 1995; Aitkin et al. 1996) . For the echida, stainless steel elecemission criterion levels as illustrated in Figure 1 (8-kHz panel), and plotting the associated L 2 "threshold" trodes were placed in the midline, inserted through the skin and fat layer on the dorsal surface about 4 levels versus the f 2 frequency. Such audiograms are shown in Figure 3 for all six ears for which results cm and 11 cm back from the "forehead," i.e., the point where the snout joined the head. Sound was delivered were obtained in this study. For each animal, emission audiograms are shown for criterion levels of emission using the same coupler and calibration procedure established by the emission program. ABRs were amplitude equal to 0, Ϫ5, and Ϫ10 dB SPL, as noted in the key in the upper-left panel. Similarly, a typical recorded differentially against a ground electrode placed in the abdominal muscle. Responses were variation in ABR response is shown in Figure 2 , with threshold determinations made as discussed in the amplified by 100 dB, bandpass filtered (150 Hz to 3 kHz) and digitized using the second channel of the Methods section. The ABR threshold audiograms found for all ears tested are also presented in Figure  computer A/D input.
For all ears, ABR responses to clicks (100 s 3, indicated by the dashed lines and open circles. While there are clearly some differences, both the rarefaction/condensation) were measured first, followed by responses to tone bursts. As with emission ABR and emission audiograms generally agreed very well. Both indicate that the echidna audiogram was measurements, tone burst frequencies were chosen at 0.5-octave intervals or smaller. For all tone bursts, there strongly U-shaped. The lower limit of auditory function was about 2 kHz in all animals. Their audiograms was a cos 2 -shaped rise time of 1 ms, followed by 3-ms constant tone, then a 1-ms cos 2 fall time. The repetition were always most sensitive between 4 and 8 kHz.
Thresholds were quite similar among all animals tested rate was 30 Hz. This is well within the range that was shown by Corwin et al. (1982) to have no effect on given the fact that they were wild caught and of indeterminate ages. Among five ears, three had minimum the ABR of most verterbrates, even those with low body temperatures. For all measurements, responses to 500 ABR thresholds of 45 dB SPL, one was 40 dB SPL, and one was 50 dB SPL. The exception was echidna 003 successive pips of alternating polarity were averaged.
(right column, middle row). The right ear of this anitwo occasions. The sensitivity of the left ear varied somewhat as measured in three different sessions. mal (not shown) was not responsive to either emission or ABR measurements to 110 dB SPL, measured on
Results from the best (most sensitive) session are shown in Figure 3 . These thresholds were elevated in both ABR and emissions, with the most sensitive ABR threshold equal to 65 dB SPL for this ear. Tympanographic measurements in this animal did not indicate any obvious middle ear pathology. That is, there was a clear peak of tympanic compliance occurring near atmospheric pressure. On the other hand, the elevated threshold seen in Figure 3 did not have responses of typical cochlear hearings loss, i.e., predominantly high-frequency loss. Of course, nothing is known about how a "typical" echidna cochlear hearing loss would manifest, so the reasons for the elevated thresholds in one animal must remain unresolved. Even with these uncertainties, note that the shapes of the audiograms in the responsive ear of this animal were similar to all the other ears tested.
While the absolute threshold of hearing is not well established by either of the methods used, one can nonetheless define a relative effective width of an audiogram by the frequencies at which the threshold function rises above the lowest ("best") threshold by a criterion amount. Here, we chose the level that was 30 dB higher than the best threshold. For the five normal ears in Figure 3 (i.e., excluding echidna 003L), median values of the effective range of hearing are summarized in Table 1 .
The ABR results agree well with the emission (DPOAE) estimates, shifted slightly downward in frequency. Overall, one can conclude from these results
FIG. 2. Typical auditory brainstem responses (ABR). Stimulus was
that the effective range of auditory response of the a ramped tone pip at 8 kHz, with other parameters as noted in the normal echidna extends from approximately 2 to 16
Methods section. The horizontal axis gives elapsed time with referkHz, with a total extent of only 3 octaves.
ence to the measured start of the ramp at the location of the microphone. The vertical axis is the averaged recorded voltage in V, with vertex positive plotted upward. The stimulus level is noted in the left part of each curve, in dB SPL. In this example, threshold was deterEmission growth functions mined to be 50 dB SPL. Note that the stimuli were first presented at 10-dB intervals from 40 to 90 dB SPL, then at 10-dB intervals from Typical emission growth functions in the echidna are 45 to 75 dB SPL (not shown). Two runs were recorded at each level. presented in Figure 1 . As a function of the stimulus
The first five positive peaks have been identified using Roman numerlevels, the amplitude of the emission typically rose als. For comparison with other latencies, the ABR latency was defined steeply from the noise floor at low levels; it "saturated" by the negative trough of wave IV, as indicated by the dashed line.
at midlevels so that it remained approximately constant across a range of stimulus levels; and only at very high levels did the amplitude increase sharply again. The saturation region was typically quite extensive and often Ͻ FIG. 1. Typical emission input-output, or "growth" functions, measured at the low-noise microphone, relative to the stimulus phase. recorded in one animal. The horizontal axis is the stimulus level L 2
Crosses denote the noise floor, conservatively estimated by taking an (dB SPL). Note that, as indicated by the boxed numbers, the horizontal rms average of the bins next to the CDT frequency. Open squares axis for some panels extends from 20 to 80 dB SPL and for others indicate the instrumental distortion amplitude for the same stimulus from 30 to 90 dB SPL. For all of these growth functions, the lowerconditions, estimated by measuring the CDT emission amplitude with frequency stimulus was 10 dB higher than the upper, denoted L 1 /L 2 the animal replaced by a long tube joined to the coupler (see Methods ϭ 10 dB. The vertical axis represents the emission at 2f 1 -f 2 , denoted section). Phase angles for instrumental distortion measurements are as the cubic distortion tone (CDT) emission. The stimulus frequency not shown but noise level estimates are. For reference, a key in the f 2 is indicated in the upper corner of each pair of panels. Solid lines panel for the 8-kHz growth function indicates two of the levels chosen illustrate the CDT amplitude in dB SPL, as noted in the key in the 16-to represent emission "thresholds", shown in Fig. 3 . kHz panel. Open circles represent the phase angles of this emission as FIG. 3 . Summary of the threshold curves obtained for all animals measurements. The vertical axis in each panel represents the threshold in the study. When threshold curves were determined for a given ear stimulus level as defined in Figs. 1 and 2 , i.e., the tone pip stimulus on more than one occasion, the most sensitive set was chosen for level for the ABR and the stimulus level L 2 for the emission measurepresentation. The set of ABR and emission thresholds shown were ments. As indicated in the key in the upper-left panel, the heaviest always those recorded in the same session, and the stimulus paramesolid line indicates the emission threshold L 2 for a criterion amplitude ters were the same for all panels. The horizontal axis in each panel for the CDT equal to Ϫ10 dB SPL. Lighter lines show thresholds for gives the appropriate stimulus frequency, i.e., that of the tone pip for levels of Ϫ5 and 0 dB SPL. ABR thresholds are represented by the the ABR and that of the higher-frequency stimulus ( f 2 ) for the emission open circles and dashed lines. Each entry represents the median value, with the 25th and 75th percentiles (interquartile range) in parentheses, for the five normal ears shown in Fig. 3 (i. e., excluding echidna 003L). The low-and high-frequency "limits" listed represent the relative effective range of hearing, defined by those points in the audiogram that are 30 dB up from the best threshold. For distortion product otoacoustic emission (DPOAE) measurements, the "threshold" audiograms were those defined by the levels L 2 at which the emission at 2f 1 -f 2 equaled Ϫ10 dB SPL (lowest solid lines, Fig. 3 ). Auditory brainstem response (ABR) audiograms were determined as illustrated in Figs. 2 and 3. 
FIG. 4. Comparison of emission responses with three different
ratio function" defined by fixed stimulus amplitudes (L 1 ϫ L 2 ) and methods of varying parameters, measured in one session. For each fixed f 2 frequency. The right column shows the variation with stimulus pair of panels, the upper panel shows the emission amplitude level ratio while holding the stimulus frequencies and one stimulus response and the bottom panel shows the phase response for a given level (L 1 ) constant. The vertical arrow in each panel indicates the method. The leftmost pair of panels shows a growth function, i.e., three measurements that had the same nominal parameters but which the variation with stimulus levels for fixed stimulus frequencies and were taken at different times in the same session. For clarity, phase fixed stimulus level ratio, in this case L 1 /L 2 ϭ 10 dB. Other growth angles (lower panels) are repeated at 360Њ intervals. The lines in the function responses are shown in Fig. 1 . The middle column shows lower center panel indicate the slope of the phase shift which is used the variation with frequency ratio f 2 /f 1 , in this case the "frequency to calculate latencies, presented in Fig. 8 .
included a "notch" or downward dip. The phase angle only the frequency. The solid lines in the lower of the middle pair of panels indicate the slope of the phase of the emission, in contrast, typically changed slowly and smoothly with increasing stimulus levels. Note, in change, which is used to calculate the emission latency.
The right pair of panels shows typical responses found particular, the response for f 2 ϭ 5 kHz in Figure 1 (right middle panel) where 3-dB steps were used.
by varying the stimulus level ratio L 1 /L 2 , in this case by fixing L 1 . Such frequency and level ratio measures were Another typical example of the phase and amplitude changes in the echidna input-output function is shown made in several of the animals in the study. Typical results are presented in the sections below. in Figure 4 , left panel pair. This is from the other ear of the animal in Figure 1 . Figure 4 
compares this typical growth function response with two other common
Frequency ratio functions methods of varying emission stimulus parameters, measured in the same ear. The middle pair of panels shows
The middle pair of panels in Figure 4 shows a typical example of the amplitude and phase response amplitude and phase responses obtained when varying observed when varying only f 1 for fixed and relatively low stimulus levels. There are two aspects of such responses that are of potential interest. One is the slope of the phase response, which is related to the latency of the emission. Typical results are considered in a subsequent section. The other is the shape of the amplitude response, or the "frequency ratio function," considered in this section. For the emission at 2f 1 -f 2 , this is usually in the form of a "passband" response (e.g., Brown and Gaskil 1990a; Taschenberger et al. 1995; Kössl and Boyan 1998) . In most animals, including birds and lizards, there is a peak in response at f 2 /f 1 ϭ 1.2-1.3. In many mammals, there is further subdividing of the response in that several sharp peaks are often observed (e.g., Mills 2000) . Typical frequency ratio functions for the echidna are shown in Figure 5 for a sequence of stimulus levels L 1 ϫ L 2 as noted. It can be seen that the echidna responses were no exception to the general rule. For most levels, there was a clear maximum response for f 2 /f 1 between 1.2 and 1.3. The shaded line indicates-frequency ratios f 2 /f 1 of 1.21 and 1.28. These two ratios were used to construct emission audiograms for comparison in several animals in this study. Figure 6 shows typical emission audiograms obtained for both frequency ratios for both ears of the last animal in the study. The ABR audiogram and threshold emission audiogram for the frequency ratio f 2 /f 1 ϭ 1.21 are the same as in Figure 3 , repeated for comparison. The lower, short-dashed lines show the emission audiograms for the frequency ratio f 2 /f 1 ϭ 1.28, with L 1 /L 2 ϭ 10 dB. It can be seen that the threshold results for the two frequency ratios were very similar.
For both ears in Figure 6 , both emission threshold measurements gave an audiogram with a notch, or shelf, located in the region from 10 to 16 kHz. This was also seen in several other animals, but not in all (see Fig. 3.) . However, the ABR responses did not show such a notch or shelf in any ears even though responses at appropriate stimulus frequencies were closely exam-
FIG. 5. Typical frequency ratio functions with stimulus level as a
ined. Implications of these results are considered furparameter. As in Fig. 4 (center panel) , the frequency ratio function ther in the Discussion section, in regard to the possible is defined by fixing the stimulus levels and the f 2 frequency and effects of the base cutoff frequency in the echidna.
varying the f 1 frequency. The horizontal axis is the f 1 frequency, and the vertical axis is the emission amplitude. The emission amplitude (dB SPL) for the lowest curve in each panel is given on the left axis.
Effects of stimulus amplitude ratio
For clarity, successive curves are shifted 10 dB vertically, otherwise they would overlap. The parameter is the stimulus level L 1 ϫ L 2 , in
The right panels in Figure 4 show a typical response dB SPL. For reference, the frequency ratio as it is usually presented, found by varying the stimulus level L 2 while holding i.e., the ratio f 2 /f 1 is listed at the top of the figure. The shaded band all other parameters constant. The case shown is for denotes the ratios typically used in constructing threshold curves in a fixed low L 1 stimulus level and for f 2 ϭ 8 kHz. It can this study: f 2 /f 1 ϭ 1.21 was employed in all animals, while f 2 /f 1 ϭ 1.28 was included in a few cases for comparison (e.g., Fig. 6 ).
be seen that the amplitude response was very broad and varied slowly, with the phase angle response being similarly gentle. Typical stimulus level ratio functions for a range in L 1 are summarized in Figure 7 . For f 2 ϭ 4 kHz (upper panel), the responses were somewhat more rapidly varying than those at 8 kHz, but the peak was still broad. Note that at high L 1 levels, a notch in the level ratio function was seen. This is obviously the same notch seen in the input-output functions ( Fig. 1) at similar levels. The dotted vertical line indicates the ratio L 1 /L 2 ϭ 10 dB, typically chosen in this study. This choice was made to obtain the highest relative emission amplitudes as a function of L 1 /L 2 ratio that could be obtained at low stimulus levels over the range of f 2 frequencies important for this study. The amplitude functions observed, as illustrated in Figure 7 , support this choice.
ABR and emission latencies
Typical ABR latencies for the echidna are shown in Figure 2 . Note that because of the high noise floor in the echidna ABR measurements, the latencies of the first waves could not be securely detected near threshold. Therefore, the latency was quantified using the trough following Wave IV. Even so, the latencies seen in Figure 2 appeared somewhat prolonged compared with those for most therian mammals. This result is probably related to the lower body temperature of the echidna, as hypothermia is known to prolong ABR latencies in mammals (Doyle and Fria 1985; Jansen et al. 1991) . Latencies in the (Fig. 4, center panel) . ABR latencies were measured from the negative trough of wave IV (Fig. 2) . In the left panel, the stimulus level on the horizontal axis refers either to the ABR tone pip level or to the stimulus level L 2 , where L 1 /L 2 ϭ 10 dB. The parameter is the f 2 frequency or the pip stimulus frequency as applicable. The right panel shows the latencies at given stimulus levels as a function of frequency. For the emission values, the latencies were evaluated at L 1 ϫ L 2 ϭ 50 ϫ 40 dB SPL. The ABR latencies are those determined at 20 dB above threshold.
for the same ear as a function of the stimulus frethe inferior colliculus of 7 chinchillas with behavioral quency. ABR latencies were similar for all ears tested; thresholds for 0.5-s tones (Davis and Ferraro 1984, Fig . therefore, only a typical response is shown in Figure 8. 3). More comparable to the echidna measurements, As noted in Figure 4 , the variation of the emission thresholds for scalp-recorded ABRs in rabbits were phase with emission stimulus frequency ratio f 2 /f 1 typically 20 dB higher than behavioral thresholds over can also be used to obtain latency information. Of 0.5-16 kHz (Borg and Engstrom, 1983, Fig. 7 ). Irrecourse, emission latencies reflect only cochlear procspective of the absolute threshold, the most important esses and do not include subsequent neural transmisfinding from these and similar studies is that the shape sion latencies (e.g., Brown and Kemp 1985) . Because of the ABR threshold curve was generally a very good of the time required for such measurements, emisrepresentation of the shape of the behavioral threshsion latencies were measured in only a few ears. The old curve. Excellent comparisons were demonstrated results for one animal are presented in Figure 8 .
for normal animals and in the same animals following The emission latencies obtained were comparable to frequency-specific ototoxic damage. those of typical therian mammals (e.g., Mills and For the echidna ABR measurements in this study, Rubel 1997).
the noise level was high compared with that of common laboratory animals. This may have been a result of the relatively light anesthesia used and spontaneous
DISCUSSION
activity in the large numbers of small muscles close to the surface which act to move the spines individually in this species (Allison and Goff 1972) . These consider-
Relationship of ABR and emission audiograms
ations lead us to conclude from the ABR data summato behavioral audiograms rized in Figure 3 that (1) the typical echidna behavioral best threshold is at least as low as 20 dB SPL over 4-8 In laboratory animals, tone pip ABR thresholds meakHz and probably is considerably lower given the high sured under the best conditions are typically higher noise floor in the measurements and (2) that the than behavioral thresholds measured in the same anibehavioral threshold curve for the echidna is strongly mals. For example, the mean difference in threshold U-shaped, with the effective range of hearing being over the frequency range 0.5-4 kHz was between 10 and 15 dB, comparing evoked responses measured in only 3 octaves (Table 1) .
The behavioral sensitivity of the echidna hearing to be about 16 kHz in comparison, and function clearly extends above 20 kHz (Figs. 1, 3 , and 6, and Table 1 ). system can also be estimated by comparing the emisOur findings also should be compared with the only sion responses measured here to those of selected thepreviously published results of measurements of the rian mammals. For the echidna, such a comparison echidna peripheral auditory system. On the basis of is particularly useful because the noise floor for the measurements of the echidna middle ear, Aitkin and echidna emission data was comparable to measureJohnstone (1972) suggested that the echidna had a ments in other animals, unlike the ABR noise floor. For relatively stiff, "primitive" middle ear that conducted the first comparison, note that the lowest behavioral sound over a narrow frequency range and that absolute thresholds of the New Zealand white rabbit are about auditory sensitivity was probably poor. However, cur-5-10 dB SPL, with the best thresholds occurring from rent analysis suggests that the echidna middle ear does 8 to 16 kHz (Martin et al. 1980 ). The stimulus level not represent an example of the primitive condition (L 2 ) to obtain an emission amplitude of Ϫ10 dB SPL for mammals but a derived form common to extant in the same species was typically 30-35 dB SPL for f 2 rodents and many other mammals (Rosowski 1992 , about 8 kHz with similar stimulus ratios (i.e., f 2 /f 1 ϭ 1994). In particular, the echidna exhibits a large, obvi-1.25 and L 1 /L 2 ϭ 10 dB; Lonsbury-Martin et al. 1987;  ous orbicular apophysis of the malleus (Griffiths Whitehead et al. 1992) . This is about the same or 1968). This bony mass, called the "head" of the malleus slightly higher than the levels typically required for in humans, is thought to represent a derived trait that the echidna at 8 kHz ( Fig. 3; Table 1 ). Since this comevolved to provide an additional "high-frequency" parison is made at the one frequency where both transmission mode through the modern mammalian echidna and rabbit appear to have good auditory sensimiddle ear (Fleischer 1978) . In summary, the results tivity, i.e., 8 kHz, it seems reasonable to conclude that here for the echidna auditory function are generally the auditory sensitivity of the echidna at its best threshcompatible with the relatively narrow frequency range old is probably at least as good as that of the rabbit.
suggested by the earlier middle ear measurements but For a second comparison, consider the gerbil, which are not in agreement with the poor absolute auditory has good auditory sensitivity at low frequencies (Ryan system sensitivity suggested by Aitkin and Johnstone 1976). A similar comparison at frequencies from 4 to (1972) . 8 kHz of the emission results for the gerbil (Mills and Rubel 1996) to that for the echidna leads to a very similar conclusion, i.e., that the best behavioral threshBase cutoff frequency in the echidna old for the echidna is about 10 dB SPL. Note that Most (4 of 6) of the emission audiograms showed a for this comparison, the equipment, procedures, and "notch" or "shelf" at about 12-16 kHz (Fig. 3) . Howparameter choices used for the gerbil and the echidna ever, none of the ABR threshold audiograms showed measurements were nearly identical. such a notch even though the appropriate stimulus The echidna differs from the rabbit and the gerbil frequencies were closely examined. Therefore, such a in that its effective frequency range of auditory funcnotch is unlikely to represent an actual enhancement tion is only 3 octaves. In general, the effective hearing of auditory sensitivity in this narrow frequency range. range in therian mammals that are not auditory speHowever, when the notch occurred in an animal's ear, cialists and are of similar size to the echidna is between it was seen persistently (Fig. 6) . The persistence sug-6 and 8 octaves (Echteler et al. 1994, Table 5.1) . By gests that the notch was not just a minor phenomenon all measures, then, the range of effective hearing in resulting from phase cancellation at a given frequency the echidna appears to be significantly narrower than or a similar effect. Earlier work suggests that such that of comparable therian mammals. However, the notches might be due to a phenomenon unique to echidna absolute best thresholds appear to be typical two-tone emission measurements (Mills 1997; Mills of other mammals that are not auditory specialists, and Rubel 1998). Model studies of the therian cochlear e.g., those that are not predators which depend on amplifier show that such notch behavior occurs naturtheir hearing, such as canines and felines.
ally as the two stimulus frequencies approach the freIn spite of its short range, however, the echidna quency above which traveling waves cannot propagate upper limit of hearing appears to extend to somewhat basalward down the basilar membrane. As the stimulus higher frequencies than does that of any of the birds frequencies approach the cutoff frequency from or reptiles (reviews: Fay 1988 Fay , 1994 Manley 1990  below, the interaction between the two stimuli results Dooling et al. 2000) . Even for an avian auditory specialin modest increases in the measured emission ampliist like the barn owl, the effective upper range of heartude and in the apparent cochlear amplifier gain. This ing is only 11-12 kHz and its threshold curve increases results in a relative decrease in the "threshold" in the very steeply at these frequencies (Konishi 1973) . The emission audiogram over a short frequency interval near the upper limit of hearing. That is, the absolute echidna upper limit of effective hearing is estimated CDT amplitude and apparent gain reach a relative dependence on the stimulus parameters. Across classes, only emission growth functions have typically maximum at the "peak frequency," above which both decrease sharply. Such effects have previously been been reported, usually at different, idiosyncratic, choices of parameters. A recent study of frequency detailed in measurements in gerbils (Mills and Rubel 1998) , where the variation in apparent cochlear ampliratio functions in birds and lizards (Taschenberger et al. 1995 ) is a useful first step in the required characterfier gain was used to investigate the development of the base cutoff frequency with age. The apparent peak ization. However, lacking exhaustive studies in all vertebrate classes over the complete four-dimensional in the measured cochlear amplifier gain in the adult gerbil occurred at 42 kHz. The comparable peak frestimulus parameter space (i.e., Mills and Rubel 1994) , it cannot be claimed quency for the echidna is approximately the typical frequency at the upper end of the notch, i.e., about that the monotreme emission characteristics, or even those of therian mammals, are categorically similar to 16 kHz (Figs. 3 and 6) . This is 1.3 octaves below that in the gerbil.
or different than those of any other vertebrate class. The remaining discussion focuses on comparison In sum, the notch in the emission data suggests that the echidna has a distribution of passive resonance of emissions from echidna with those from therian mammals, of which there are a few species that have along its basilar membrane and a similar relationship of passive to active cochlear response as seen in other been studied over an adequate variation in stimulus parameters, including gerbils (Mills and Rubel 1994), mammals. However, the resonance frequency at the base of the cochlea is estimated to be only 16 kHz for guinea pigs (Brown and Gaskill 1990b) , and rabbits (Whitehead et al. 1992) . Because of time constraints, the echidna. This is similar to that in human and chimpanzee but much lower than for almost all other echidna emissions could not be characterized to the extent that these laboratory animals have been. The therian mammals. Also note that the results of the gerbil observations and model studies suggest that only echidna data set includes growth functions at f 2 /f 1 ϭ 1.21 and L 1 /L 2 ϭ 10 dB over the complete range of if the cochlear amplifier is functioning normally at the base of the cochlea and if the middle ear is functional f 2 frequencies for every ear studied (e.g., Fig. 1 ) plus a similar set of growth functions for f 2 /f 1 ϭ 1.28 in across these frequencies, will such a notch appear Mills and Rubel 1998) . If these two situatwo ears (not shown, but see the resulting threshold curves in Fig. 6 ). These growth functions were suppletions do not occur, such as in typical cases of modest hearing loss of cochlear origin where the function of mented in several animals by frequency ratio functions as illustrated in Figure 4 (center panel) and Figure 5 , the cochlear amplifier deteriorates smoothly as frequency increases, the emission audiogram would rise and by level ratio functions such as those in Figure  4 (right panel) and Figure 7 . These are incomplete smoothly without a notch being obvious. This could explain why some echidna ears did not show the notch characterizations, of course, as these functions were obtained only for a limited range of the other (Fig. 3) . It is also important to note that, to date, the effects of the base cutoff frequency on two-tone parameters. Within this limited data set, the echidna emissions emissions have been modeled only for the cochlear amplifier type posited for therian mammals (Mills are found to be generally similar to those of the therian mammals noted. The echidna growth functions, for 1997). It is not known if similar effects would occur for other types of cochlear amplification. Therefore, example, were seen to typically rise steeply from the noise floor at relatively low stimulus levels, reach a the fact that the echidna emission responses do show such behavior only suggests that the echidna cochlear "saturation" region, including a modest notch or decrease in amplitude, and then, at very high stimulus amplifier could be of the same type as that of therian mammals. levels, resume a sharp upward course. The saturation region typically is quite extended in the echidna, i.e., it occurs over a wide stimulus range (Figs. 1 and 4 ).
Parametric characteristics of monotreme
In fact, the saturation region frequently appears to be emissions more extended than those in the laboratory animals listed. Distortion product otoacoustic emissions are observed from nearly all vertebrate ears and even from insects
The phase angle responses observed in the echidna growth functions clearly differ from those usually (e.g., Zwicker 1981; Brown 1987; Lonsbury-Martin et al. 1987; Norton and Rubel 1990; Johnstone et al. 1990;  found in gerbil and rabbit. Consider the "notch" often seen in these input-output growth functions (e.g., Kössl 1992; Taschenberger et al. 1995; Faulstich et al. 1996; Kössl and Boyan 1998; Lonsbury-Martin et al. 1987; Whitehead et al. 1992; Mills and Rubel 1994; . A sharp notch is Taschenberger and Manley 1998). There is a wide variation in the characteristics of the observed emissions, usually associated with an abrupt 180Њ shift in the emission phase angle. Model studies show that this behavior including a strong but generally poorly characterized can be explained as the result of summing emissions electromotility was a primitive condition for mammals. This would imply that electromotility could be the coming from slightly different regions of the cochlea, when the intrinsic phase angles of the two regions central mechanism for the mammalian cochlear amplifier. Such a discovery would suggest that electromotidiffer by about 180Њ . While the echidna growth functions often show a modest notch in amplility would have been present in the last common ancestor of monotremes and therian mammals, i.e., tude, it is not as sharp as seen in gerbil and rabbit. Also, a typical abrupt change in phase angle as the in the stem mammal-like reptiles that lived about 180 million years ago. It would be equally important if stimulus level increases through this notch region is not seen. Rather, there is usually a very smooth monotreme OHCs were found not to possess electromotility. Since monotremes do have a cochlear ampliincrease in phase angle as the transition is made from the "active" emission response to the "passive" fier of some kind and an organ of Corti, this finding would suggest that some other mechanism provided response ( Figs. 1 and 4) .
In summary, the parametric emission results for the amplification. This would be particularly interesting because this unknown mechanism would have to proechidna show many similarities to typical responses in therian mammals, but they also show intriguing vide effective amplification at frequencies over 20 kHz (Figs. 1, 3, and 6 ). This unknown mechanism (1) could differences. A detailed comparison to other vertebrate classes has not been presented because of a general be a derived trait in the monotreme order, i.e., it developed independently in the monotreme line after the lack of results for comparable parameters.
divergence of monotremes from mainstream therian mammals; (2) could be a primitive trait in mammalian
Evolution of the cochlear amplifier evolution, in which case it could be still present in therian mammals and could be the actual amplificaTo provide amplification of the sound energy at kHz frequencies in the inner ear, two mechanisms have tion mechanism of the cochlear amplifier in all modern mammals; or (3) if this same mechanism were also been proposed. (1) In therian mammals, it has been suggested that the force generator originates in the found to be present in birds and reptiles, it would suggest that it had evolved even earlier, e.g., in the stem electromotility of the outer hair cells (OHCs), i.e., the change in OHC length due to a change in OHC tetrapods leading to mammals, birds, and reptiles, and could then be a common mechanism, providing amplimembrane voltage (e.g., Ashmore 1987; Zheng 2000; reviews: Dallos 1992; Manley and Köppl 1998) . While fication in all these vertebrate classes. In sum, the results presented in this article show that the ubiquity of this phenomenon in therian mammals seems established, as well as its nonexistence in inner the echidna has a high-frequency limit to its hearing response that is midway between typical therian mamhair cells and in all hair cell types in nonmammals, so also is the difficulty that the OHC membrane capacimals on the one hand and birds and reptiles on the other. The emission measurements particularly sugtance limits its high frequency response (e.g., SantosSacchi 1992). It seems extremely difficult to explain gest that monotremes could have a cochlear amplifier similar to that in therian mammals, with similar sensihow this mechanism could work at 100 kHz as required for a bat or marine mammal. It might be that while tivity but with a significantly shorter frequency range. However, the possibility that the monotremes utilize OHC electromotility is certainly related to cochlear amplifier function in therian mammals, it is not the an amplification process different than in therian mammals cannot be ruled out on current evidence. actual mechanism that provides cycle-by-cycle power input to the traveling wave, at least at high frequencies.
The echidna auditory response and other characteristics of the monotreme auditory system do have intri-(2) In birds and reptiles, it has been suggested that the amplification is due to a calcium-dependent process guing differences from therian mammals and similarities to those of extant birds and reptiles. operating at the site of the transduction channel (e.g., Eguiluz et al 2000; Martin et al. 2000; reviews: HudsBecause of their unique position among vertebrates, monotremes offer unique opportunities for further peth 1997; Manley and Köppl 1998; Gleich and Manley 2000) . The possibility has been raised that a similar study of the function and evolution of cochlear mechanism. process may act in mammalian OHCs as well, although there is admittedly little evidence for this hypothesis at present.
While the possible contribution of such calcium- (Zheng et al. 2000) , it would suggest strongly that
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